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Use  of  9.i  Nickel  Steel 


/M 


For  the  past  5-7  years,  steel  containing  9%  nickel 
has  been  widely  used  in  a  number  of  countries  (U3SB,  USA, 
France,  Japan,  Italy  et  al}  ss  construction  material  for 
service  at  temperatures  down  to  -196°C. 

Earlier,  in  most  cases  cryogenic  tanks  were  made  of 
type  KhlBNS  stainless  steel  or  from  aluminum  alloys.  Stee 
containing  9 h  nickel  has  two  advantages  as  compared  with 
these  materials:  it  Is  cheaper  and  its  strength  is  higher. 
According  to  data  of  the  American  firm,  Lucens  Steel  Co,, 
the  cost  of  steel  with  nickel  Is  39-35  cents  per  pound, 
i.e.  half  the  price  of  stainless  steel  or  aluminum  /26/. 

The  yield  point  of  steel  with  9,Z  nickel  exceeds  that  of 
stainless  steel  with  i8&  Cr  and  9%  Ni  by  a  factor  of  2.3 
and  that  of  aluminum  alloy  containing  5&  Kg  almost  by  a 
factor  of  3. 


•Numbers  In  rl^ht  marvln  reflect  pagination  in  the 
original  text. 
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However,  to  determine  the  expediency  of  industrial 
use  of  steel  with  9*  nickel  instead  of  stainless  steel  it 
is  also  necessary  to  take  into  account  manufacturing  costs 
of  parts  made  from  this  steel.  One  thing  which  decreases 
the  economic  advantages  of  steel  with  9^  nickel  as  compared 
with  the  above-indicated  riateri»ls  (as  well  as  with  some 
titanium  alloys)  is  the  necessity  of  subsequently  temper¬ 
ing  welded  structures  because  of  existing  safety  rules. 

As  was  shov/n  earlier,  this  steel  possesses  the  high¬ 
est  notch  toughness  after  double  normalizing  (or  hardening) 
followed  by  tempering  *t  a  temperature  within  a  certain 
range,  namely  56o-590°C.  At  tempering  temperatures  above 
or  below  this  range,  tre  impact  toughness  of  this  steel 
decreases.  .Voiding  of  this  steel  causes  considerable  phase 
and  structural  changes  in  the  weld  area  and  near  it  and 
also  considerably  affects  the  mechanical  properties  of  the 
steel.  For  successful  utilization  of  steel  containing  9.4 
nickel  it  is  necessary  to  know  how  extensive  these  changes 
in  mechanical  properties  (mainly  decrease  of  notch  tough-  /4 2 
ness  at  cryogenic  temperatures)  are.  The  necessity  of 
temcerino  to  eliminate  welding  stresses  and  create  optimal 
structure  in  t^e  thermally  affected  zone,  as  called  for  by 
ASiii?  safety  rules,  makes  the  use  of  steel  with  9<  nickel 
for  large  size  oarts.  first  of  all  containers  with  liquid 
gases,  inconvenient . 


10  determine  the  expediency  of  teraperin*  after  weld- 
l  i-  in  containers  made  of  steel  with  ill ,  the  American 
companies  United  States  Steel  Corp. ,  Chicago  Bridge  md 
Iron  Co.,  and  Internationa  1  Nickel  Co.  carried  out  in 
October,  i960,  service  tests  of  9  reservoirs.  These 
tests  were  known  mcir  the  name  "Operation  Cryogenics." 
les^-s  were  performed  in  the  presence  of  J00  representatives 
from  -overnment,  industry  and  members  of  the  ASHE  committee 
in  charge  of  safety  of  boilers  and  reservoirs  /44,  52/. 

Two  tyoes  of  reservoirs  were  tested:  three  of  then 
rectangular  in  shape,  24 50  x  2450  x  I960  mm  in  size,  and 
six  cylindrical,  1240  m<~.  in  diameter,  4000  mm  long, 
neservoirs  were  made  of  steel  sheet  9.5  mm  thick.  Compo¬ 
sition  of  steel:  0.09*  C;  0.22>  Si?  0.44£  Mr;  8.85^  Hi; 

').'>!  s  S;  o.  ')i  5  ?;  0.19«  Ci,*  \  005 1  Ko;  0.05/  Cr.  One  part 
of  steel  sheets  was  subjected  to  double  norma lizln-  with 
subsequent  tempering  under  conditions  shown  in  Table  13. 

The  other  o*»rt  of  sheets  was  hardened  and  tempered. 

Afte-f*  heat  treatment,  mechanics!  properties  of  st^el 
"jet  the  requirements  of  ASHE  (Table  i4).  Before  welding, 
s r-d  sheets  t»-at  were  subjected  to  cold  oiastic  deformation, 
necessary  for  shaping  separate  sections  of  reservoirs, 
were  tempered  at  595°S.  Electrodes  of  "Incoweld  A"  type 
wort-  used  In  Zeldin. •  steel  sheets. 

The  electrode  mat  rial  oossesses  the  following 


Table  1 


:.e ■  t  treatment  if  steel  sheets 


containing  9-&  ,  used  for  reservoirs 
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mechanical  orooerties  at  2~°C:  tensile  strength  640 
{6b  Vg/ranr),  yield  aclnt  "}66  Kn/ra2  (36.6  kg/mm2).  elonga¬ 
tion  43^,  r«-:ctior.  of  irea  53*.  At  -1  these  proper¬ 
ties  were:  tensile  strength  ?39  Mn/m  (93  kg/ram2)  and 
elongation  2l/o.  The  strength  of  welder*  joints  varied 
(droencin;  or.  heat  treatment  conditions  and  direction  of 
we  1.1  sj?  within  the  range  from  643  to  800  «n/m2  (64.5-8h.O 
kg/r.:C  j.  The  energy  expended  in  fracturing  a  notched  /43 
specimen  »-’lth  *»  fr:i°l  notch  of  keyhol°  type,  at 
-1?  °-  v‘an  n-><-  l-.-r  tl  -  r.  2?  jculeo  (.?.;?  Table  15)* 

TV'*-  rectangular  reservoirs  were  "<'de  from  hardened 
a*"4  tempered  sheets  and  or»e  from  sheets  twice  normalized 
and  tempt'd,  hes^rvolrs  were  not  heat  treated  after 
we  1.  '■ !  r.  -• .  .it-  c  t  O  n.'  -  J  lar  reservoirs  were  filled  with  liquid 
nltnorer.  a  d  subjected  to  Impact  stress  by  a  fulling 
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86  160  0.29  952.7  (95*2?) 
96  109  0.21  653.2  (65-32) 


.91  149 
.90  162 
85  152 
92  148 


912.6  (91-26) 
964.3  (96.43) 
923.0  (92.8) 

899.9  (89.99) 


1  ■» ;  of  1979  kg.  Loads  were  dropped  on  reservoirs  from 
gradually  increasin?  heights.  The  maximum  height  frn:u  which 
9  load  was  dropped  was  5.3  m. 

As  a  result  of  impact  testing,  the  metal  in  the  area 
of  the  failing  load  was  plastically  deformed.  When  nitro¬ 
gen  pressure  in  reservoirs  was  increased  to  ?~0'10^-7.4*10^ 
n/ra  (7-7.4  atn)  the  combined  action  of  load  impact  and 
internal  pressure  led  to  crack  formation  in  two  reservoirs. 
The  energy  soeit  in  such  a  case  was  113.900  Joules  0 1 .300 
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kg-wters) .  ;h°  third  reservoir  made  from  hardened  and 

tempered  sheets  did  not  hove  any  c racks.  In  spite  of 
numerous  lmoacts  by  a  load  dropped  fro n  a  height  of  $.%  m. 

Cylindrical  reservoirs  were  tested  by  spplving  inter¬ 
nal  presses  .  Reservoirs  were  filled  with  nitrogen, 
increasing  the  pressure  with  the  help  of  pumps,  until 
cracks  appeared,  i-lain  test  data  for  cylindrical  reservoirs 
are  shown  in  Table  16.  The  table  Illustrates  that  heat 
treatment  of  welded  joints  did  not  affect  tensile  strength. 
Witt  the  exception  of  reservoir  No.  2  all  reservoirs  rup- 
tured  under  stress  from  900  to  955  Mn/ra  (93-95  kg/ram  ). 
Those  reservoirs  which  were  not  tempered  after  welding 
had  ductile  ruptures,  while  reservoirs  tempered  after  weld¬ 
ing  had  ductile  ruptures  on  only  50-30&  of  the  fracture 
surface.  Areas  of  Intercrystalline  fracture  appeared, 
probably  as  a  result  of  slow  cooling  of  some  parts  of  the 
reservoir  after  tempering. 

Hence,  it  is  proven  that  there  is  no  need  to  temper 
reservoirs  after  welding  if  the  sheet  thickness  is  below 
10  ram.  Steel  used  for  reservoirs  contained  O.Q9i  carbon. 

The  hardness  of  netal  in  the  thermally  affected  zone 
was  found  to  be  linearly  dependent  on  carbon  content  in 
the  base  metal.  /46/ 

It  is  the  practice  in  CJermsny  not  only  to  test  the 
impact  toughness  of  the  welded  joint ,  but  also  to  check  the 
hardness  :>f  steel  confining  si  lii  in  the  thermally  effected 


-d- 


zc n* .  If  th^  hnrdness  found  to  be  under  35'  HV,  the 
welded  joints  are  not  temoered.  If,  however,  the  hardness 
of  this  zone  exceeds  35^  KV,  then,  according  to  existing 
instructions ,  tempering  after  welding  is  required. 

Lowering  carbon  content  in  steel  decreases  structural 
changes  in  tne  thermally  affected  zone  and  prevents  the 
formation  of  ferrite  structure  at  low  temperatures  with 
areas  of  carbon-enriched  martensite. 

Liquified  gases,  primarily  natural  gas,  were  usually 
stored  in  reservoirs  at  room  temperature  under  high  pressure. 
Lately,  however,  cryogenic  reservoirs  are  often  used  for 
transporting  and  storing  liquid  gases. 

Containers  used  under  high  pressure  are  simple  in 
design  and  Inexpensive  in  service.  Such  reservoirs  are 
often  made  from  high-strength  steel.  For  butane  and  pro¬ 
pane,  which  are  usually  stored  in  such  reservoirs  under  a 
pressure  of  2.5*10^  and  7*10^  atm,  respectively,  the  use  of 
cryogenic  reservoirs  is  probably  not  advisable.  However, 
for  methane  and  ethylene  the  cryogenic  reservoirs  can  com¬ 
pete,  in  resDect  to  economy,  with  containers  used  under 
pressure.  /46 

Cryogenic  containers  and  reservoirs  are  more  advanta¬ 
geous  because  their  volume  is  used  more  efficiently  and  they 
are  less  dangerous  in  resoect  to  explosion.  Designs  of 
such  vessels  are  being  improved  and  their  price  is  decreas¬ 
ing.  At  present,  l»rge  cryogenic  vessels  have  been  built 


for  storing  liquid  .2s thane  at  tempers ares  below  -l6o°C 

/2  V. 

The  French  company  Gase  de  France  has  built  several 
experimental  cryogenic  vessels  from  steel  containing  $,<  N1 
for  storing  methane.  In  addition,  three  reservoirs  about 
30  «  high,  25  m  in  diameter  and  12,000  m^  in  volume  each 
were  built  from  sheets  of  this  steel,  from  6  to  10  mm 
thick.  The  *Cenel**  company  built  a  tank  11,000  In  volume 
for  storing  liquid  methane  at  the  methane  llquificatlon 
plant  in  Arzev,  North  Africa  /24/.  This  tank  is  cylindrical 
in  shape  and  has  a  hemispherical  roof.  The  Internal  shell 
of  this  tank  was  welded  from  9  mm  tbv  x  sheet  jteel,  con¬ 
taining  Ni.  The  outer  shell  was  made  from  carbon  steel 
sheet  3.5  thick  at  the  foundation  and  walls  and  12.5  mm 

thick  at  the  upper  part  of  the  tank.  Steel  sheets  contain¬ 
ing  a i  were  welded  using  mainly  Incoweld  5  electrodes, 

but  for  welding  sheets  for  the  tank  roof,  electrodes  were 
made  of  Inconel  18?.  nickel  base  alloy.  Welding  was  per¬ 
formed  with  preheating  to  50-60°C.  All  parts  of  the  inner 
shell  were  subjected  to  careful  defectoscopy.  Temperature 
of  xiquid  methane  was  -l65°C.  The  outer  shell  was  subjected 
to  atmospheric  action  at  uo  to  33°C.  3efore  actual  service, 
hydraulic  tests  with  si  overload  were  carried  out.  Costs 
of  tank  manufacture  were  $12  per  barrel  (159  liter)  of 
useful  volume,  it  was  expected  that  In  building  the  second 


tank  these  costs  should  decrease  to  -^10  per  barrel.  ?or 
larger  tan>s  these  costs  could  decrease  to  *8  per  barrel. 

Costs  of  manufacturing  such  tanks  fro'",  steel  containing 
9^  Ni  are  7.4  lower  than  that  from  Al-hg  alloy ,  containing 
5%  Mg.  The  cost  of  aluminum  alloy  Is  double  that  of  steol 
with  Ni;  however,  the  cost  of  construction  from  steel 
increases  due  to  the  higher  cost  of  the  welding  operation. 
Welding  expenses  comprise  30-^0jt  of  the  sheets’  cost. 

It  is  interesting  to  compare  some  technical  character¬ 
istics  of  tankers  for  transporting  liquid  methane  with 
cryogenic  containers  made  of  steel  containing  9.4  Ni  with 
those  made  from  alloy  Al+5>  hig. 

The  tanker  "Jules  Verne,"  built  ir.  France,  has  six 
cylindrical  tanks  raece  of  8-1 5-ora  sheets  of  94  Ni  steel, 
4n3?  nr5  each  and  one  1126  nP  in  volume.  Each  of  them 
weighs  120  tons  and  their  capacity  is  25,50V  rtr  each* 

Larve  tanks  are  18.35  mil  diameter  and  18.62  m  high. 

The  lower  part  of  the  tanks  is  shaped  in  the  form  of  a 
truncated  cone  with  a  hemisphere  at  the  end.  Between  the 
1 1  and  the  base  there  is  an  ellipsoidal  section.  Tanks  . 
were  ouilt  on  dry  land  and  assembled  on  the  tanker. 

On  English  tankers  there  are  9  tanks  weighing  130  /**? 

tons  each,  made  from  A 1+5$  «'*£  alloy.  Their  capacity  is 
?/ ,  500  m3. 

There  ere  plans  *  3  transport  liquid  methane  from 
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So  <th  America  a--'-  the  ;iiddl*>  ;ast  to  iritain  and  other 
iu  opesn  count.-ies  as  well  as  to  Japan,  using  tankers 
equipped  wit*'  cryogenic  r 3nks  mace  from  sheet  steel  con¬ 
taining  9i  Ni .  Realization  of  this  project  will  require 
construction  of  large  storage  facilities  on  the  shore  also. 

In  numerous  cases  it  is  also  more  economical  and  safer 
t->  store  liquid  oxygen  at  -l53°C,  since  oxygen  is  increas¬ 
ingly  used  for  the  intensification  of  metallurgical  pro¬ 
cesses.  Cryogenic  reservoirs  made  from  steel  containing 
9i  «i  are  built  for  storage  of  liquid  oxygen  at  a  number 
of  metallurgical  plants  in  the  US  and  West  Germany.  This 
steel  is  also  used  by  oxygen  producing  plants  to  supply 
metallurgical  and  chemical-industrial  enterprises  with 
liquid  oxygen.  At  the  International  Nickel  of  Canada  plant 
in  Copper  Cliff,  this  steel  was  used  to  build  oxygen  and 
nitrogen  generators  1.2  m  in  diameter,  3»£  m  high,  with  a 
wall  thickness  of  d  mm.  Temperature  in  these  generators 
varies  from  26.7°C  at  the  top  to  -170°C  at  the  bottom. 
Pressure  changes  cyclically  each  123  seconds  from  atmos¬ 
pheric  to  4.5*3  0^  n/m^  (4.3  atm,’. 

Steel  containing  9^  Kl  is  used  in  thin  and  thick 
sheets  and  seamless  and  welded  tubing.  Reference  /5l/ 
reports  on  -.ana  factor  ini;  s..eets  of  this  steel  11.080  x 
x  31 30  x  47-. 5  mm  in  size  for  the  chemical  industry. 

The  9a  Kl  steel  possesses  comparably  low  coefficient 


of  thermal  exosnsion  at  **-29  to  -196°C,  which  makes  this 
steel  usable  for  low  temperature  equipment  parts  requiring 
dimensional  stability.  This  steel  can  also  be  successfully 
used  for  parts  used  under  conditions  of  continuous  temper¬ 
ature  changes  ranging,  from  room  temperature  to  the  temper¬ 
ature  of  liquid  nitrogen. 

Data  are  available  about  this  steel  in  a  cast  state 
/37/.  Steel  melted  in  a  resistance  furnace  (Juncers 
resistor  rod)  was  deoxidized  with  aluminum,  which  was  added 
to  the  laddie  in  amounts  of  900  grans  per  ton  of  steel. 

Steel  was  cast  into  molds  of  clover  leaf  shape.  Natural 
cooling  of  cast  metal  to  room  temperature  did  not  produce 
desirable  results  in  respect  co  strength  and  ductility. 

This  phenomenon  is  explained  by  the  harmful  effect  of  hydro¬ 
gen  orecipitafed  from  steel  during  cooling  (flakes)  /37/; 
therefore,  subsequently  produced  castings  were  removed  from 
molds  five  minutes  after  filling  then  with  molten  metal 
(at  1000°C),  immediately  transfered  to  a  furnace  heated  to 
650°C,  and  held  there  at  this  temperature  for  21  hours. 

Aftor  th.it,  castings  were  cooled  together  with  the  furnace. 
AS  a  result  of  such  treatment  satisfactory  properties  were 
achieved.  The  chemical  composition  of  the  melt  investigated 
was:  0.124  C;  Si;  0.65^  H n;  0.0064  S;  C.014*  P; 

9.  >54  *\'i ;  9.964  Al. 

Castings  wer*  heat  treated  in  four  steps  a\  cording  to 


the  followin-  rerime: 


I  -  heating 

to 

9 oo°c. 

hold!  r.g 

3 

hr. 

air  cooling; 

II  - 

rt 

790°C , 

ft 

3 

hr. 

ft  ft 

III  - 

tt 

575°C . 

ft 

5 

hr. 

ft  ft 

IV  - 

vt 

460~C. 

H 

5 

hr. 

It  ft 

The  energy  expended  in  fracturing  specimens  with  V-ndtch 
decreases  nearly  linearly  with  temperature  and  amounts,  in 
joules  (kg-ra),  to:  at  20°C— 37  (3.?):  at  -100°C— 65  (6.5); 
at  -196°C — ^3  (5*3)*  Other  mechanical  properties  were: 
tensile  strength  at  room  temperature,  750  Hn/m2  (75  kg/ram^; 
yield  point,  590-660  Hn/m2  (59-66  kg/mm2);  elongation,  26-27% 
and  reduction  of  area,  50-55 >». 

Hicrostructural  examination  demonstrated  that  the  main 
structural  component  of  cast  steel  after  heat  treatment  is 
ferrite.  Areas  of  austenite  and  carbide  particles,  dis¬ 
tributed  mainly  in  interaxlal  spaces,  were  also  obsex-ved. 
X-ray  analysis  confirmed  the  presence  of  austenite  In  steel 
in  amounts  of  10-15.^.  Distribution  of  carbides  at  grain 
boundaries  was  noticed  after  high-temperature  heat  treatment, 
such  as  holding  at  1200°C  and  cooling  in  air  (Fig,  21), 

Steel  with  9%  Ki  can  be  used  for  parts  of  refrlger- 
atlni  equipment.  The  American  company  Cupper-Bessemer  uses 
this  steel  for  valves,  evaporators  and  other  parts  in 
machines  for  producing  liquid  air  and  even  liquid  hydrogen. 

As  a  result  of  case  nardening,  the  hardness  of  this  steel 


-]4- 


?1?.  ?J  .  iflcrostructure  of  9i  N1 
cast  st.;el  after  holding  for  one 
hour  at  12Q0°C  ar.'l  cooling  In  air 
(x  115). 


equals  or  exceeds  55  HfiC.  and  the  energy  expended  In  frac¬ 
turing  case-hardened  Charpy  specimens  with  V-notch,  at  liquid 
nitroren  temperature,  equals  or  exceeds  44  Joules  (4.4  kg-m) . 
Ihe  steel  does  not  corrode  In  liquid  oxygen  or  nitrogen. 

This  steel  is  very  simple  in  its  chemical  composition, 
since  it  has  only  one  alloying  element,  nickel,  which  lowers 
the  threshold  of  cold  shortness  and  Increases  energy  for  the 
development  of  a  ciack  under  conditions  of  ductile  fracture 

A3/. 

As  demonstrated  by  latest  Investigations  /25.  34,  43/, 
nickel  most  effectively  Influences  steel  properties  at  low 
temperatures  In  amounts  of  up  to  £-?*;  therefore,  the  ques¬ 
tion  is  raised  whether  It  Is  expedient  to  lower  nickel  con¬ 
tent  in  steel  and  Instead  of  using  steel  with  Ni  to  use 
steel  simitar  in  mechanical  properties  but  containing  only 
uo  to  ££  Ni,  sue*  as  Qtl^A  steel.  At  present,  data  on  pro¬ 
perties  of  such  steel  are  available  /17?/.  Optimal  com-  /49 
bine ti on  of  strength,  plasticity  and  toughness  of  ON6A 
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steel  Is  achieved  after  d>ucle  normalizing  at  90Q°C  and 

at  560°0  for  !o  hours  (air  cooling).  One  other 
r.ethod  of  heat  treatment  is  also  recommended :  quenching  In 
water  from  320- 340 °C  and  tempering  at  600°C  for  one  hour 
(air  cooling).  Treatment  by  the  first  method  results  in 
slightly  higher  strength  and  toughness  at  -196°C:  tensile 
strength  970  and  850  iln/m2  (97  and  85  kg/mra^)  and  fracture 
energy  1.0?  and  0.3?  joule/m2  (10.2  and  8.2  k^-m/cm2). 
r*»s  •  ctlvely. 

ON6a  steel  sheets  10  mm  thick  were  manually  arc  welded. 
Khl6N25ri6  (EI395)  steel  wire  was  used  as  the  electrode. 

ISotch  toughness  of  welded  joints  was  equal  to  or  exceeded 
0.35  joule/m  {••3.5  kg-m/cn*  )  without  need  for  subsequent 
heat  treatment. 

Tests  of  models  of  oxygen  regenerator  vessels  made  from 
QN6a  steel  showed  tr*c  with  good  quality  welding  these  ves¬ 
sels  did  not  fall  under  dynamic  loads  up  to  2000  joules 
(200  kg-ra) .  These  results  proved  the  satisfactory  struc¬ 
tural  strength  of  these  vessels. 


-16- 


